Pathogenic Leptospira, the causative agents of leptospirosis, are mainly associated with tropical freshwaters, but little is known about their fate in the environment. This study analyzed the distribution of pathogenic Leptospira genomes in 22 tropical coastal streams using quantitative polymerase chain reaction (qPCR). Statistical analyses were conducted to understand pathogenic Leptospira associations with water quality parameters, land use, microbial source tracking (MST) markers, and fecal indicators.
rashes, and nausea/vomiting (Katz et al. ; Ko et al. ) . A previously conducted epidemiology study of leptospirosis in rural Kaua'i and Big Island populations of Hawai'i found that 12% of persons with these symptoms had leptospirosis -it was endemic and extremely common affecting 128 in 100,000 person/years during an outbreak (Sasaki et al. ) .
Currently, there is little information in Hawai'i regarding the fate and occurrence of Leptospira in fresh and brackish surface waters, although signs are permanently posted by many coastal streams warning of the risk of leptospirosis. Direct studies of Leptospira occurrence in surface waters have not been undertaken (Vinetz et al. ) . This situation may be because culture-based Leptospira assays currently do not differentiate between pathogenic Leptospira (e.g., L. interrogans, L. borgpetersenii, L. kirschneri, L. noguchii, L. weilii) and harmless waterborne saprophytic Leptospira species that occur naturally in tropical freshwater (e.g., L. biflexa, L. wolbachii) (Henry & Johnson ) . Quantitative polymerase chain reaction (qPCR) assays that selectively target the pathogenic Leptospira group without detecting saprophytes offer advantages over the non-pathogen specific culturebased assays. Such an assay has been developed (Smythe et al. ) and subsequently used to study leptospirosis risk factors in urban and rural slums in Peru (Ganoza et al. ) .
The purpose of the present study was to characterize Leptospira distributions in tropical streams near the point at which they discharge to the coastal ocean. Twenty-two O'ahu streams were tested for pathogenic Leptospira using a 16S rRNA qPCR assay (Smythe et 
METHODS

Sample collection
Water samples were collected at 22 O'ahu coastal streams, during two sampling campaigns in the Hawai'ian rainy season (Nov-Apr). Briefly, 20-L water samples were taken twice (once before sunrise, and once after high noon) from each stream directly upstream of its ocean outfall in December (14-18 Dec 2009) and March (28 Mar-3 Apr 2010), as described previously (Viau et al. a) . Water was collected in DNA-/RNA-free containers, transported on ice, and processed within 6 hours of collection in accordance with standard procedures (AWWA ). Water samples were filtered through 0.45 μm-pore size nitrocellulose filters (HA type, Millipore, Billerica, MA, USA) and stabilized with RNALater (Ambion, Austin, TX, USA) for downstream molecular analyses (0.2-1 L per filter) as described previously (Viau et al. b) . Leptospira genome concentrations were determined for each stream sample as follows. First, the number of genomes per reaction was determined using the pooled standard curve. This concentration was then converted to units of genomes per 100 mL water sample by taking into account the volume of template in the reaction, the total volume of DNA eluted during extraction, and the volume of water sample filtered onto the filter that was extracted.
DNA extraction and Leptospira qPCR
Then, the mean concentration of the triplicate reactions was calculated. Based on the pooled standard curve (Figure 1 ), the lowest possible quantity we could quantify per reaction was 0.5 genomes or one copy of the 16S rRNA gene. This quantity is designated as the lower limit of quantification (LOQ) . If the C q for a reaction was higher than the LOQ, it was considered positive but not within the range of quantification. For these cases, the replicate was assigned a copy number equal to the LOQ.
If a sample replicate was negative (no amplification), the replicate was assigned a copy number equal to 0.5 LOQ for statistical analyses.
Sequencing of Leptospira qPCR amplicons
Leptospira qPCR amplicons were sequenced after qPCR to determine which pathogen groups were amplified and to ensure that qPCR was not amplifying non-pathogenic MEGA5 was also used to construct neighborhood-joining phylogenetic trees with Jukes-Cantor distance corrections and bootstrapping (10,000 replicates).
Additional stream water quality parameters
Additional stream measurements were taken at the time of each Leptospira stream sample and used here to evaluate statistical relationships to Leptospira concentrations; these data were published in two previous publications that characterized major gastrointestinal and skin bacterial pathogens (Viau et al. a) and calculated gastrointestinal illness risks for each stream in this study (Viau et al. b) . Various water quality parameters were taken at the time of sampling (salinity, temperature, dissolved oxygen, log turbidity) and nutrients (log (colony forming units (CFU)/100 mL), Escherichia coli (CFU/100 mL), Clostridium perfringens (CFU/100 mL),
and Fþ coliphages (plaque forming units (PFU)/100 mL)
were determined using membrane filtration of water samples and previously described cultivation methods (Viau et al. a) .
Statistical analyses
Statistics were calculated in Minitab version 15.0 or SPSS version 14.0. Leptospira concentrations were logtransformed prior to analysis and evaluated for normality with quantile-quantile plots. Leptospira quantities were then evaluated for differences between time of day and month using analysis of variance (ANOVA) followed by
Tukey's post comparison tests. Associations between log
Leptospira and water quality parameters, land cover, and log-transformed fecal indicator organisms were performed with binomial logistic regression for dichotomous dependent variables and linear regression models for continuous variables; these analyses utilized generalized estimating equations (GEE) to account for repeated measurements taken at each stream (Hardin & Hilbe ) . Statistics were deemed significant if P 0.05, although some marginally significant associations (0.05 < P 0.1) were also discussed.
RESULTS
Leptospira qPCR
The Leptospira genome concentrations reported herein were obtained using a 16S rRNA qPCR assay with a 'pooled' calibration curve (Figure 1 ), where quantification cycle
) and x ¼ log Leptospira genomes. The calibration curve had 100% efficiency based on five independent dilution series. For each environmental sample tested, a negative control was carried through from the: (1) field laboratory; (2) the nucleic acid extraction procedure; and the (3) qPCR plate. In all cases, negative controls were negative. No inhibition characterization studies were performed on the environmental samples and extraction efficiencies for the DNA extraction methods used here are published elsewhere -these extraction efficiencies averaged 17 ± 6% for stream waters (Viau et al. b) .
Leptospira in O'ahu coastal streams Table 1 shows Leptospira densities in 22 O'ahu coastal streams (n ¼ 4 samples per stream). Leptospira was detected in 87 of 88 samples and ranged in concentrations from 0.7 to 4 log genomes/100 mL. While no differences were noted between AM and PM samples (ANOVA, P > 0.05), marginally significant decreases in Leptospira genomes were noted from December to March (ANOVA, Figure 3(e)), but no associations were noted with log Leptospira and presence/absence data for pig and ruminant
Bacteroidales (ANOVA, P > 0.05).
Fecal indicators
The ability of fecal indicator organisms to predict Leptospira in O'ahu streams was examined with pairwise associations to previously reported log concentrations of culturable enterococci, E. coli, C. perfringens, Fþ coliphage (Viau et al. a) . Positive associations were found between log Leptospira and log C. perfringens (GEE, β ¼ 0.353, P < 0.001, Figure 3(f) ).
DISCUSSION
Researchers point out that climate change will have unknown consequences for transmission of leptospirosis; the disease has high fatality rates, symptoms mimicking other bioterrorism infections, and potential for epidemics 
Leptospira are widespread in O'ahu coastal streams
Leptospira concentrations in streams ranged from 0.7-4 log genomes/100 mL (Table 1) . These values were lower than Leptospira concentrations noted in Peruvian rural and urban surface waters (from 4-5 log/100 mL) using the same qPCR assay (Ganoza et al. ) . Sequencing of qPCR amplicons indicated that the majority of Leptospira measured using the assay were from the less-well documen- In this study, we noted a positive association between Leptospira genomes and salinity (Figure 3(b) ). This finding is interesting because only a few studies have attempted to understand Leptospira survival in natural surface waters with varying salinities. In a 1934 study, Leptospira were found to survive less than 24 hours in marine waters (∼16,000 mg/L salts) and less than a week in river and lake waters varying from 70-6,530 mg/L salts (Schuffner ) . Another study showed that pathogenic Leptospira sur- Future field and microcosm studies are warranted to understand Leptospira survival in surface waters of various salinity ranges to shed light on these uncertainties and to quantify persistence.
While Leptospira were not associated with urban land cover, we did observe a positive correlation to human Bacteroidales, a marker of human fecal contamination (Figure 3(e) ). There were no Leptospira associations to pig or cow MST marker or forested land, and a negative correlation was noted for agricultural land cover (Figure 3(d) ). (Higa & Fujinaka ) . Interestingly, streams tested here were also included in that study.
The researchers found that 16% of rats at Kalihi stream were infected with leptospirosis and that infected mongooses were most frequently captured at Kailua and Waimanalo streams. Both human and animal sources of Leptospira in the streams tested here should be further investigated for leptospirosis incidence.
Research vistas for Leptospira monitoring in the tropics
In 1995, the USA relaxed a 20-year-old leptospirosis reporting requirement due to a lack of zoonotic disease control systems and low incidence rates (Vinetz et al. ) . To date, leptospirosis incidence remains 100 times higher in
Hawai'i relative to the rest of the USA (Katz et al. ) . A Hawai'ian epidemiology study of leptospirosis in rural
